In this work, a novel route is discussed to produce in one step ZnO/Burkeite powders by the modified solution combustion method. The ZnO particles enhance the photocatalytic activity in the degradation of Rhodamine B, in which Burkeite mineral acts as a support due to the pH-dependent morphology of the particle aggregates of the as-synthesized powders. The X-ray diffraction (XRD) characterization shows the presence of a heterostructure: ZnO/Burkeite. The Scanning Electron Microscopy (SEM) image shows a morphological dependence with the pH of the solution used for the synthesis. The results show that the system with the highest degradation (92.4%) corresponds to the case in which ZnO/Burkeite heterostructure was synthesized with a pH 11.
Introduction
The severe environmental impact caused by climate change and pollution, as well as the dependence on non-renewable energy sources for the development of society, are part of the significant challenges for humanity [1] . Specifically, water pollution has aroused great interest in researchers; particularly heterogeneous photocatalysis has been widely used in the research about organic pollutants degradation in wastewater.
Semiconductor-based photocatalysis has already demonstrated its efficiency in terms of degradation on a wide range of organic pollutants present in water [2] ; also, it can be used for air purification, CO 2 reduction, H 2 production, biodiesel production, and organic compounds synthesis [3, 4] .
Zinc oxide has been one of the most commonly used semiconductor oxides as a photocatalyst, possessing outstanding properties such as high physical and chemical stability, excellent efficiency,
Results and Discussion

XRD Analysis
In Figure 1 the X-ray diffractograms (XRD) for the ZnO/Burkeite heterostructures (ZnOS) materials and the ZnO are shown. The diffractograms indicate the synthesis of ZnO in the hexagonal phase according to the datasheet PDF 05-0664. The crystal sizes for these samples were obtained with the Scherrer equation, using the reference peak at 2θ = 36.2 of the ZnO. The results reveal that as the pH increases, the crystal size of the ZnO in the powders increases too. Their corresponding values are 38.969 nm, 48.112 nm, 68.03 nm, and 44.69 nm for the samples ZnOS-9, ZnOS-10, ZnOS-11, and ZnO, respectively. The number at the end of this nomenclature indicates the pH used during the synthesis method. It has been observed that one of the main effects of the Na + ions on the lattice parameters is the inhibition of the crystal growth of ZnO along the c-axis direction [24] . Such effect is evident in the samples under study because the a/c ratio values of the ZnO phase depend directly upon the solution pH, which corresponds to 1.0403, 1.6475, and 3.7043 for ZnOS-9, ZnOS-10, and ZnOS-11, respectively, while for ZnO the a/c ratio is 0.62 (the peaks used to calculate the a/c ratios were the corresponding to ZnO structure). Moreover, in Figure 1 , it is verified that in all the samples the peaks labeled with solid circles belong to Burkeite (PDF . Although there are reports about of Burkeite formation at low temperatures, the fact that the sharp peaks in the XRD appear well defined after the synthesis reaction during combustion process (where temperatures have been reached above 600 • C) is due to the high thermal stability of such material [25] . It is proposed that the Burkeite formation is due to the presence of urea in the synthesis of ZnO according to the following chemical reactions:
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FTIR and Thermal Analysis
In Figure 2a the FTIR spectra of the as-synthesized samples are shown. In this figure, a welldefined wide and intense peak around 1100-1080 cm −1 is observed, which is associated with the stretching and bending modes of SO 4− [26] . This peak is slightly distorted on the left-side as the pH is increased. The sharpest peak located around 620 cm −1 is characteristic from Zn-O [27] . Figure 2b shows the Thermogravimetric Analysis (TGA) curves from the as-synthesized samples. In all the cases are present two distinctive regions of weight reduction: the first one corresponds to the range of temperatures lower than 150 ° C in which weight lost up to 15% is observed and is associated with dehydration from the surface due to water loss adsorbed by the environment, and the second region in the range from 150 to 350 ° C is associated with the elimination of the terminal OH ions of the ZnO structure, which are preferably distributed along the c-axis of the crystalline lattice as reported before in the literature [28] . Beyond these temperatures, the weight remains practically constant. 
In Figure 2a the FTIR spectra of the as-synthesized samples are shown. In this figure, a well-defined wide and intense peak around 1100-1080 cm −1 is observed, which is associated with the stretching and bending modes of SO 4− [26] . This peak is slightly distorted on the left-side as the pH is increased. The sharpest peak located around 620 cm −1 is characteristic from Zn-O [27] . Figure 2b shows the Thermogravimetric Analysis (TGA) curves from the as-synthesized samples. In all the cases are present two distinctive regions of weight reduction: the first one corresponds to the range of temperatures lower than 150 • C in which weight lost up to 15% is observed and is associated with dehydration from the surface due to water loss adsorbed by the environment, and the second region in the range from 150 to 350 • C is associated with the elimination of the terminal OH ions of the ZnO structure, which are preferably distributed along the c-axis of the crystalline lattice as reported before in the literature [28] . Beyond these temperatures, the weight remains practically constant. Figure 3 shows SEM images from the as-synthesized photocatalysts where the influence of pH on the morphology of these materials is appreciated. For the case of the ZnOS-9 ( Figure 3a ) sample, its morphology consists of sub-micrometric particles mixed with larger particles whose sizes are of the order of several microns. The ZnOS-10 ( Figure 3b ) sample shows a lesser density of submicrometric particles being more evident the formation of sheet-like particles whose sizes are in the range of 2-10 μm. The composite ZnOS-11 ( Figure 3c ) sample evidences that the size of the sheet-like particles decreases giving rise to the formation of conglomerates. The Na + ions present in the solution do not allow to obtain a material with long-range crystallinity; this means that the primary nucleus of ZnO aggregates to form larger secondary particles varying in morphology and size, which agrees with the results reported by Becker et al. [13] . The formation of Burkeite is limited by both the amount of urea present and the temperature in the aqueous solution, expecting that its formation takes place during the first stages of combustion, adhering to the surface of the ZnO conglomerates. The results of the EDS measurements are included in Table 1 . The atomic weight percent of ZnO in the composites corresponded to 32.39, 32.74, and 42.20 wt% for the samples ZnOS-9, ZnOS-10, and ZnOS-11, respectively. Finally, in Figure 3d we observed a spherical morphology of the ZnO particles. Therefore, we can conclude that the anchoring process on support plays a fundamental role in the final morphology of the ZnO. Figure 3 shows SEM images from the as-synthesized photocatalysts where the influence of pH on the morphology of these materials is appreciated. For the case of the ZnOS-9 ( Figure 3a ) sample, its morphology consists of sub-micrometric particles mixed with larger particles whose sizes are of the order of several microns. The ZnOS-10 ( Figure 3b ) sample shows a lesser density of sub-micrometric particles being more evident the formation of sheet-like particles whose sizes are in the range of 2-10 µm. The composite ZnOS-11 ( Figure 3c ) sample evidences that the size of the sheet-like particles decreases giving rise to the formation of conglomerates. The Na + ions present in the solution do not allow to obtain a material with long-range crystallinity; this means that the primary nucleus of ZnO aggregates to form larger secondary particles varying in morphology and size, which agrees with the results reported by Becker et al. [13] . The formation of Burkeite is limited by both the amount of urea present and the temperature in the aqueous solution, expecting that its formation takes place during the first stages of combustion, adhering to the surface of the ZnO conglomerates. The results of the EDS measurements are included in Table 1 . The atomic weight percent of ZnO in the composites corresponded to 32.39, 32.74, and 42.20 wt% for the samples ZnOS-9, ZnOS-10, and ZnOS-11, respectively. Finally, in Figure 3d we observed a spherical morphology of the ZnO particles. Therefore, we can conclude that the anchoring process on support plays a fundamental role in the final morphology of the ZnO. Table 1 summarizes the surface area values of the samples which were calculated employing Brunauer-Emmett-Teller analysis (BET). As can be seen from Table 1 , pH plays a meaningful role on the aggregation mechanism of the ZnO nuclei and in the subsequent adhesion process on Burkeite, which lead to the obtaining of the ZnO/Burkeite heterostructure. The sample ZnOS-10 is the one that shows the largest surface area but the smallest pore size distribution, which suggests that the ZnO is embedded and leaves exposed the Burkeite on the surface of the heterostructure. This scenario may be due to a structural rearrangement in the crystalline lattice of Burkeite originated by the substitution between sulfate ions and carbonate ions, causing a slight disorder in its crystalline lattice [29] . Otherwise, the BET results for the ZnOS-9 and ZnOS-11 samples corresponding to adsorption area and pore sized distribution suggest that ZnO is on the surface of the ZnO/Burkeite heterostructure that gives rise to both a reduction of BET adsorption area and a more substantial pore size value. The pore size distribution was determined by analyzing the physisorption of nitrogen gas (N2), whose molecules are smaller than the molecules of Rhodamine B. Thus, although the N2 molecules were able to probe a larger surface area in the case of ZnOS-10, the heterogeneity in the form of interstitial pores likely limits the diffusion of the bulky molecules of the Rhodamine B into the interior of these and the amount of dye adsorbed. In this way, the distribution of the active phase may be another factor that limits the photocatalytic activity of the materials, since Rhodamine B must be adsorbed on the surface of the semiconductor (ZnO). Table 1 summarizes the surface area values of the samples which were calculated employing Brunauer-Emmett-Teller analysis (BET). As can be seen from Table 1 , pH plays a meaningful role on the aggregation mechanism of the ZnO nuclei and in the subsequent adhesion process on Burkeite, which lead to the obtaining of the ZnO/Burkeite heterostructure. The sample ZnOS-10 is the one that shows the largest surface area but the smallest pore size distribution, which suggests that the ZnO is embedded and leaves exposed the Burkeite on the surface of the heterostructure. This scenario may be due to a structural rearrangement in the crystalline lattice of Burkeite originated by the substitution between sulfate ions and carbonate ions, causing a slight disorder in its crystalline lattice [29] . Otherwise, the BET results for the ZnOS-9 and ZnOS-11 samples corresponding to adsorption area and pore sized distribution suggest that ZnO is on the surface of the ZnO/Burkeite heterostructure that gives rise to both a reduction of BET adsorption area and a more substantial pore size value. The pore size distribution was determined by analyzing the physisorption of nitrogen gas (N 2 ), whose molecules are smaller than the molecules of Rhodamine B. Thus, although the N 2 molecules were able to probe a larger surface area in the case of ZnOS-10, the heterogeneity in the form of interstitial pores likely limits the diffusion of the bulky molecules of the Rhodamine B into the interior of these and the amount of dye adsorbed. In this way, the distribution of the active phase may be another factor that limits the photocatalytic activity of the materials, since Rhodamine B must be adsorbed on the surface of the semiconductor (ZnO). 
SEM Analysis
Surface Area analysis
UV-Vis Analysis
Surface Area Analysis
UV-Vis Analysis
In Figure 4 UV-vis absorption spectra for the ZnOS series are shown. The results present a broad absorption band in the range of 250-400 nm with two significant absorption sub-bands: a left-band with a smaller intensity centered around 265 nm, which can be associated with the Burkeite phase, and a right-band with a major intensity, which is located around 350 nm and associated with ZnO. In relation to the latter, the sample ZnOS-10 is the one with the highest absorption intensity; this means that this sample possesses a major homogeneity on the surface morphology of the sample [31] , which agrees with the SEM images shown above. Finally, we observed the absorption spectra of the ZnO material. This spectrum exhibits a broad absorption band around 500 nm is associated with lattice defects formed by nitrogen-doping generated by combustion process [30] . The calculated band gap energies (Eg) for all samples are given in Table 1 .
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Degradation of Rhodamine B
The first step for the photocatalytic degradation of a dye is its adsorption on the surface of the catalyst. In this case, since the intensity of the absorption peak of Rhodamine B (554 nm) is directly related to the concentration of the solution, the amount of Rhodamine B adsorbed by the photocatalyst was calculated as the difference between the intensity of the initial concentration (Rhodamine 5 mg/L) and the zero-time concentration (time to which the UV lamp is on). The values of adsorption percentages for the different photocatalysts are given in Table 1 . The results show that the ZnOS-9 sample exhibits the highest percentage of adsorption. The high value of the adsorption percentage for ZnOS-9 composite is also associated with its morphology and pore size; moreover, we can add that this material is the one that presents the lowest percentage of weight loss in the TG analysis, which would represent the greatest purity. The above finding agrees with the results obtained by using the XRD and the BET techniques. If the sample is considered to have both a smaller crystallite size and a larger pore size, these characteristics positively impact on the dye adsorption on the surface of the photocatalyst because they give rise to the increase in the surface area of the crystallites and the easy access of the molecules within the volume of the material.
To verify whether a de-ethylation process occurs during the degradation of Rhodamine B [32] , in Figure 5 are plotted the normalized UV-vis spectra evolution during the photocatalytic degradation process of Rhodamine B by exposing of the materials as-synthetized. In the case on the ZnOS-11, the weak intensity of the absorption peak indicates that the degradation process of Rhodamine B is practically completed when the exposing time corresponds to 90 min. In Figure 5 , we can see that the degradation process is carried out by two routes: cleavage and de-ethylation of Rhodamine B. Cleavage is the dominant mechanism at the beginning of the photocatalytic process (30-45 min). For photocatalysts as-synthesized, a shift towards 540 nm is observed, which indicates 
To verify whether a de-ethylation process occurs during the degradation of Rhodamine B [32] , in Figure 5 are plotted the normalized UV-vis spectra evolution during the photocatalytic degradation process of Rhodamine B by exposing of the materials as-synthetized. In the case on the ZnOS-11, the weak intensity of the absorption peak indicates that the degradation process of Rhodamine B is practically completed when the exposing time corresponds to 90 min. In Figure 5 , we can see that the degradation process is carried out by two routes: cleavage and de-ethylation of Rhodamine B. Cleavage is the dominant mechanism at the beginning of the photocatalytic process (30-45 min) . For photocatalysts as-synthesized, a shift towards 540 nm is observed, which indicates only the formation of the N,N,N -triethylated Rhodamine, in accordance with results reported elsewhere [32, 33] . In general, we can observe from UV-vis spectra that the longer time exposing, the weaker absorption peak. only the formation of the N,N,N'-triethylated Rhodamine, in accordance with results reported elsewhere [32, 33] . In general, we can observe from UV-vis spectra that the longer time exposing, the weaker absorption peak. The concentration profiles in Figure 6a represent the photocatalytic activity during the degradation of Rhodamine B using the ZnO/Burkeite heterostructures as photocatalysts. Calculation of the C/C0 ratio was carried out considering the absorbance of Rhodamine B at 554 nm. In Figure 5 , the absorbance used in the calculation of the C/C0 ratio is represented by a vertical line. The photocatalyst synthesized with a pH of 11 (ZnOS-11) is the one that shows the highest photocatalytic activity with a degradation percentage of Rhodamine B of approximately 92% after 90 min of UV irradiation. The pseudo-first order kinetic constant (k) was deduced by fitting the data obtained during the photocatalytic process and is displayed in Table 1 (see also Figure 6b ). The concentration profiles in Figure 6a represent the photocatalytic activity during the degradation of Rhodamine B using the ZnO/Burkeite heterostructures as photocatalysts. Calculation of the C/C 0 ratio was carried out considering the absorbance of Rhodamine B at 554 nm. In Figure 5 , the absorbance used in the calculation of the C/C 0 ratio is represented by a vertical line. The photocatalyst synthesized with a pH of 11 (ZnOS-11) is the one that shows the highest photocatalytic activity with a degradation percentage of Rhodamine B of approximately 92% after 90 min of UV irradiation. The pseudo-first order kinetic constant (k) was deduced by fitting the data obtained during the photocatalytic process and is displayed in Table 1 (see also Figure 6b ). According to these results, we can establish a clear relationship between the effect of pH and the morphology characteristics of the ZnO/Burkeite heterostructure powders with the photocatalytic activity. A significant result is that for a pH of 10, the lowest photocatalytic activity is obtained. As we mentioned above, the highest photocatalytic activity was achieved by a pH of 11 for which the 92.4% of degradation of Rhodamine B is obtained, approximately 30% more than ZnO photocatalyst.
This counterintuitive behavior is well known from recent studies using another type of semiconductor material [34] [35] [36] and semiconductor heterostructure-based powders [37, 38] where it was observed that a low surface adsorption area has a high photocatalytic activity for the Rhodamine B degradation. The origin of the high photocatalytic activity is derived from semiconductor materials that exhibit the physical property known as the photoelectric effect. The latter effect allows semiconductors to absorb photons when they are exposed to UV-light, resulting in the generation of hole-electron pairs owing to the electronic transitions from the valence to conduction band; such transitions are determined by their intrinsic band gap energy. Even more, the morphology of the particles in the semiconductor powder favors the valence electrons (photocarriers) transport to their surface, which has been demonstrated in the case of silver phosphate powders when their particles have tetrahedral and cubic morphologies [39] . Therefore, this explains the morphology role of the ZnO/Burkeite heterostructure. In the case of the ZnOS-10 sample, it inhibits the photocatalytic activity, due to the photocarriers which are inside of the same sheet morphology. Contrariwise, in the case of ZnOS-9 and ZnOS-11 samples, the photocarriers are found in the ZnO localized on the surface of semiconductor heterostructure with fine particles and sheets conglomerate morphologies.
Materials and Methods
Synthesis of ZnO/Burkeite Heterostructure
All reagents were used without any additional purification. The synthesis of ZnO was carried out as follows: in 5 mL of distilled water, sodium hydroxide (NaOH, Fermont, 98.5%) was added to obtain a pH of 9, 10, and 11. Afterwards, 500 mg of zinc sulfate (ZnSO4, Fermont, 99%) and 500 mg of urea (NH2CONH2, Macron, USP) were added to the solution. The solution was placed in an ultrasonic bath for 5 minutes, and then the water was evaporated at 90 °C. The resulting paste was subjected to a heat treatment at 600 °C for 15 min in a preheated muffle, and with this method, the ZnO/Burkeite heterostructure was obtained. The material synthetized was called ZnOS; therefore, the samples labeled with the nomenclature ZnOS-9, ZnOS-10, ZnOS-11 correspond to ZnO/Burkeite material obtained at pH of 9, 10, and 11, respectively. Moreover, for comparison purposes a sample of ZnO without Burkeite was prepared, following the same procedure but using 250 mg of Zn (NO3)2 6H2O (to ensure that Burkeite formation is not carried out) and 500 mg of urea without the addition of NaOH. According to these results, we can establish a clear relationship between the effect of pH and the morphology characteristics of the ZnO/Burkeite heterostructure powders with the photocatalytic activity. A significant result is that for a pH of 10, the lowest photocatalytic activity is obtained. As we mentioned above, the highest photocatalytic activity was achieved by a pH of 11 for which the 92.4% of degradation of Rhodamine B is obtained, approximately 30% more than ZnO photocatalyst.
Materials and Methods
Synthesis of ZnO/Burkeite Heterostructure
All reagents were used without any additional purification. The synthesis of ZnO was carried out as follows: in 5 mL of distilled water, sodium hydroxide (NaOH, Fermont, 98.5%) was added to obtain a pH of 9, 10, and 11. Afterwards, 500 mg of zinc sulfate (ZnSO 4 , Fermont, 99%) and 500 mg of urea (NH 2 CONH 2 , Macron, USP) were added to the solution. The solution was placed in an ultrasonic bath for 5 minutes, and then the water was evaporated at 90 • C. The resulting paste was subjected to a heat treatment at 600 • C for 15 min in a preheated muffle, and with this method, the ZnO/Burkeite heterostructure was obtained. The material synthetized was called ZnOS; therefore, the samples labeled with the nomenclature ZnOS-9, ZnOS-10, ZnOS-11 correspond to ZnO/Burkeite material obtained at pH of 9, 10, and 11, respectively. Moreover, for comparison purposes a sample of ZnO without Burkeite was prepared, following the same procedure but using 250 mg of Zn (NO 3 ) 2 6H 2 O (to ensure that Burkeite formation is not carried out) and 500 mg of urea without the addition of NaOH.
Characterization and Analytical Techniques
XRD analysis was performed using a Bruker X-ray Diffraction D6-Discover equipment (Karlsrhe, BW, Germany). The FTIR spectra were obtained using a Perkin Elmer Spectrum One spectrophotometer (Shelton, CT, USA) equipped with an ATR accessory. Thermal analysis was determined on a Netzsch Thermal Analyser model STA 449F3 Jupiter from 25 to 800 • C under a nitrogen atmosphere. The SEM micrographs were obtained with a JSM-6610LV JEOL electron microscope (Akishima, TYO, Japan). The nitrogen adsorption analysis was carried out to determine the pore size distribution and the isotherm curve using an Autosorb 1C Quantachrome (Quantachrome, Boynton Beach, FL, USA) equipped with a Verlab VE-5600UV photometer (Quantachrome, Boynton Beach, FL, USA) and MetaSpec Pro analysis software (Quantachrome, Boynton Beach, FL, USA). Diffuse Reflectance Spectroscopy (DRS) using a Varian Cary 400 spectrophotometer with a Harrick RD accessory was used for the optical characterization of the samples.
Degradation tests
Degradation tests were carried out following the system developed by Luna-Flores et al. [40] . The solution to be degraded was 60 mL of Rhodamine B (5 mg/L) with 250 mg/L of the photocatalyst. Once the photocatalyst was dispersed in the solution, it was kept in darkness for 15 min to establish the adsorption-desorption equilibrium. After 15 min, the suspension was irradiated with UV light (20 W, 365-465 nm). The degradation monitoring of Rhodamine B was carried out employing the UV-vis spectroscopy, taking aliquots every 15 min.
Conclusions
A simple methodology has been proposed for the synthesis in one step of ZnO/Burkeite heterostructures by the modified solution combustion method. This approach allows tailoring the structural and morphological properties of the photocatalyst to optimize its photocatalytic activity in the degradation of Rhodamine B. Moreover, it has been shown that the optimal synthesis condition for the synthesis of ZnO/Burkeite heterostructure with higher photocatalytic activity corresponds to a pH value in the solution of 11. Thus, the improvement in the degradation process of Rhodamine B depends on the pH-dependent morphological properties of the ZnO particles anchored on the surface of the support, which in turn, showed better structural properties (grain size) and larger pore sizes. 
